On the ferromagnetic ground state of SmN by McNulty, J. F. et al.
On the ferromagnetic ground state of SmN
J. F. McNulty, B. J. Ruck, and H. J. Trodahl
The MacDiarmid Institute for Advanced Materials and Nanotechnology, School of Chemical and Physical Sciences,
Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand
(Dated: March 6, 2018)
SmN is a ferromagnetic semiconductor with the unusual property of an orbital-dominant magnetic
moment that is largely cancelled by an antiparallel spin contribution, resulting in a near-zero net
moment. However, there is a basic gap in the understanding of the ferromagnetic ground state,
with existing density functional theory calculations providing values of the 4f magnetic moments
at odds with experimental data. To clarify the situation, we employ an effective 4f Hamiltonian
incorporating spin-orbit coupling, exchange, the crystal field, and J-mixing to calculate the ground
state 4f moments. Our results are in excellent agreement with experimental data, revealing moder-
ate quenching of both spin and orbital moments to magnitudes of ∼ 2 µB in bulk SmN, enhanced
to an average of ∼ 3 µB in SmN layers within a SmN/GdN superlattice. These calculations pro-
vide insight into recent studies of SmN showing that it is an unconventional superconductor at low
temperatures and displays twisted magnetization phases in magnetic heterostructures.
INTRODUCTION
In recent years, research into SmN has been driven
by two main considerations; its potential for spintronic
applications and its vanishingly small ferromagnetic mo-
ment. It is a member of the rare-earth nitride series, a
group of materials owing their promise for spintronic ap-
plications to their status as intrinsic ferromagnetic semi-
conductors [1–10]. SmN is especially unique among the
series, with a vanishingly small ordered moment arising
from the near-cancellation of spin and orbital moments
[4, 5] fixed antiparallel by strong spin-orbit coupling. So
far the spintronic potential of the RENs remains largely
untapped, though GdN has been integrated within spin-
filters [11, 12] and field effect transistors [13] while DyN
has been incorporated into a magnetic tunnel junction
[14]. However, SmN has quite recently displayed remark-
able phenomena in magnetization and transport studies.
There is a report of an unconventional twisted magne-
tization phase occurring in SmN films exchange coupled
to GdN, observed via x-ray magnetic circular dichroism
(XMCD)[15], and the discovery of superconductivity co-
existing with ferromagnetic order at temperatures of 3-
5 K in SmN films and SmN/GdN superlattices, thought
to be due to a spin-triplet pairing mechanism [16]. These
phenomena are intimately related to the ferromagnetic
state of SmN, which displays ferromagnetic order below
TC ≈ 27 K with a near-zero moment of 0.035 µB per
Sm3+, with the unusual situation that the orbital mo-
ment is marginally dominant, and defines the net mag-
netization direction [4, 5, 17].
The magnetic state of SmN originates from the par-
tially filled 4f shell of the trivalent Sm ion, the usual va-
lence among the RENs except CeN and EuN [1, 7, 8, 18],
with Hund’s rules providing the ground state configu-
ration. In Sm3+ (4f5), Hund’s rules yield a 4f -shell
spin alignment of S = 5/2, with the spin-orbit coupling
enforcing an opposed orbital alignment of L = 5, re-
sulting in a total angular momentum quantum number
J = |L − S| = 5/2 and Lande´ factor of gJ = 2/7. The
J = 5/2 ground state-multiplet of Sm3+ is well-known to
be influenced by the first excited J = 7/2 multiplet which
is separated by ∆E ≈ 1500 K from the ground state
[5, 19, 20]. However, the effect of this excited state is
not large enough to explain the discrepancy between the
experimentally measured SmN moment of 0.035 µB and
the theoretical free-ion saturation moment of the ground-
state multiplet µB 〈Lz + 2Sz〉GS = µBgJJ = 0.74 µB
[5]. The experimental 0.45 µB paramagnetic moment
is almost half the free-ion value of µBgJ
√
J(J + 1) =
0.85 µB , but is close to the 0.41 µB moment expected for
a Γ7 crystal-field ground state doublet [5], signalling that
the crystal field may also play an important role in the
small ferromagnetic moment. The low Curie temperature
of ≈ 27 K in SmN fits in with the trend of low ordering
temperatures in the REN series [1] which is due to weak
indirect exchange. The highly localized 4f states en-
sure that the inter-ionic exchange mechanism precipitat-
ing ferromagnetism proceeds via Sm 5d and N 2p states
in indirect exchange processes [1, 21, 22]. Because of the
semiconducting nature of the RENs, the carrier-mediated
RKKY mechanism does not appear to be the dominant
exchange channel as it is in metallic rare-earth systems
[23, 24].
To date there has been no convincing description of
SmN which accounts for both the magnitude and orbital-
dominant sign of the ordered moment. Furthermore,
XMCD experiments on bulk SmN and a SmN/GdN su-
perlattice show a 60% enhancement in the magnitude of
the Sm 4f polarization in the superlattice compared to
bulk SmN, caused by interface exchange with highly spin-
polarized GdN [15, 17]. This implies that the bulk Sm 4f
spin (m4fS ) and orbital (m
4f
L ) moments are not fully po-
larized (= 5 µB), but are significantly reduced from full
alignment, consistent with the 4f electrons being dom-
inated by spin-orbit coupling and crystal field energies.
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2Only two calculations providing values of the SmN mag-
netic moment are available, both of which use density
functional theory in the LSDA+U approximation. A
report by Larson et al. [25] calculated a ferromagnetic
ground state moment nearly equal to the experimental
value, with the opposing 4f spin and orbital moments
of magnitude ≈ 4.9 µB , while the 5d and 2p states pro-
vided moments of order 0.1 µB but with opposite sign.
However, the net moment was found to be parallel to the
spin moment (i.e., spin-dominant). Another study by
Morari et al. [26] used a variety of LSDA+U implemen-
tations and parameters to find even larger values for the
net moment, though these were also spin-dominant. The
ground state was furthermore antiferromagnetic, contra-
dicting recent experiments unambiguously displaying fer-
romagnetism [5, 17]. Other band structure calculations
on EuN [7] and TmN [27] suggest that dynamical mean-
field theory in the Hubbard-I approximation provided
better agreement with experiment than LSDA+U , sug-
gesting alternative techniques should be explored.
Here we pursue an alternative to band structure calcu-
lations to explain experimental situation in SmN by di-
rectly diagonalizing an effective 4f Hamiltonian to yield
spin and orbital moments of the ground state. We ne-
glect conduction electron contributions which are small
for semiconducting SmN, serving only as a weak correc-
tion to our results. We employ a model of the Sm3+ ion
in a cubic crystal field, incorporating excited multiplets
following DeWijn et al. [19], exchange in a self-consistent
mean-field approach [20], and spin-orbit coupling. The
results demonstrate that the small orbital-dominant fer-
romagnetic moment of SmN naturally emerges from
partial-quenching of both orbital and spin 4f moments,
linked together by the spin-orbit coupling. The moments
were calculated to be less than half of the maximum 5 µB
polarization of the LS-coupled state. We also demon-
strate a correspondence between the 5d polarization mea-
sured by XMCD and the mean-field exchange constant,
and demonstrate that the enhanced 4f and 5d XMCD
polarization observed in a SmN/GdN superlattice com-
pared to bulk SmN can be understood within our model.
These results provide the first description of the 4f mag-
netic state of SmN in quantitative agreement with the
various experimental results and provide crucial insight
into recent experiments showing unconventional twisted
magnetization phases and triplet superconductivity in
SmN.
CALCULATION PROCEDURE
The magnetic properties of SmN are primarily dictated
by the Sm3+ ion, with its atomic-like 4f orbitals. Ex-
amples of of Sm3+ compounds studied in the past in-
clude metallic Laves-phase compounds such as SmAl2,
Sm1−xGdxAl2, and Sm1−xNdxAl2 [19, 28–33], CsCl-type
structure SmZn and SmCd [34], and Sm metal [20].
These studies all demonstrate that the magnetic prop-
erties of trivalent Sm compounds are strongly influenced
by the first excited J = 7/2 multiplet in addition to the
ground J = 5/2 multiplet. There are two reasons for
this: 1) the exchange and Zeeman terms along with the
crystal field of the surrounding anions cause admixtures
of the ground and excited states, and 2) the small ground
state Lande´ gJ -factor of
2
7 for Sm
3+ means the matrix el-
ements within the J = 5/2 multiplet are small compared
to ∆J = 1 matrix elements. An important consequence is
the zero-moment ferromagnetism observed in Gd doped
SmAl2 [30, 33]. In that compound, the J-mixing of the
ground and first excited multiplets causes different tem-
perature dependencies of m4fS and m
4f
L , resulting in a
transition from orbital- to spin-dominant magnetism at
a compensation temperature where the net moment is
zero, while long-range ferromagnetic order is still present.
Crystal field calculations of magnetic properties in
rare-earth systems are usually described within the
Steven’s formalism of operator equivalents [35, 36], how-
ever these techniques are insufficient for Sm3+ as they
only consider the ground state J-multiplet. Here we use
an extension of the Steven’s formalism which allows for
the inclusion of higher multiplets [19], derived with the
algebraic methods of tensor operators.
The effective 4f Hamiltonian from which we can cal-
culate the ground-state expectation values includes the
spin-orbit coupling (HSO), exchange interaction (Hex),
and crystal field (HCF ). We ignore the Zeeman coupling
for calculation of the spontaneous moment. Including
the 4f inter-ion exchange in a self-consistent mean-field
approach [20, 34], the Hamiltonian is
H = ΛL · S− J 〈Sz〉Sz +HCF , (1)
where the spin-orbit coupling constant Λ is approxi-
mately 430 K, calculated from a knowledge of the en-
ergy splittings between J-multiplets, expressed as ∆E =
EJ+1 − EJ = Λ(J + 1) ≈ 1500 K [5, 34]. The second
term in Eq. 1 accounts for exchange, where J is the
effective exchange constant and 〈Sz〉 is the expectation
value of the spin operator. The exchange constant can
be estimated from the paramagnetic Curie temperature
Θ, which in the mean-field approximation is given by
Θ = 2J (gJ − 1)2J(J + 1)/3kB . (2)
The de Gennes factor G = (gJ − 1)2J(J + 1) of the
ground state multiplet linking the exchange constant and
Θ is usually found to describe the trend in Θ versus G
in iso-structural rare-earth compounds. However, this
relation ignores the influence of J-mixing by the exchange
field, and thus slightly overestimates J . By considering
the van Vleck temperature-independent contribution to
the susceptibility, one can derive [see Appendix] the first-
3order correction to the calculation of J as
J = 3
2
kBΘ
(gJ − 1)2J(J + 1)
[
1
1 + 12kBΘ/∆E
]
. (3)
Among the rare-earths this correction factor is only sig-
nificant for Sm and Eu ions, and in the case of Sm3+ it
gives a correction factor of [1 + 12kBΘ/∆E]
−1 = 0.83,
yielding J = 7.9 K. While the correction here does not
qualitatively alter the results of the following calcula-
tions, we include it to demonstrate the influence of J-
mixing on the mean-field exchange constant.
The rock-salt structure of SmN results in cubic octa-
hedral coordination of the Sm3+ ion, and we choose the
z axis to be along the [111] direction [37]. The crystal
field Hamiltonian is then given by [19, 36]
HCF =− 2
3
A4
∑
i
(
f40(ri)− 20
√
2f43(ri)
)
+
16
9
A6
∑
i
(
f60(ri) +
35
√
2
4
f63(ri) +
77
8
f66(ri)
)
,
(4)
where the tesseral harmonics fkq(ri) are renormalized
and purely real combinations of spherical harmonics [36].
The parameters A4 and A6 are the fourth- and sixth-
order crystal field parameters discussed below, while the
sum is over the five 4f electrons. An arbitrary matrix
element of HCF has the form
〈J ′MJ′ |HCF |JMJ〉 = χ4A4
〈
r4
〉
+ χ6A6
〈
r6
〉
, (5)
where χk contain the angular part of the matrix elements,
described in Ref. [19] for all the trivalent rare-earth ions.
We are then left to determine A4
〈
r4
〉
and A6
〈
r6
〉
, which
can be either treated as adjustable parameters or calcu-
lated within, e.g., the point-charge model.
After diagonalization of equation (1), the magnetic mo-
ment in the ground state (T = 0) is defined by the ex-
pectation value
m = µB 〈Lz + 2Sz〉 , (6)
where 〈· · · 〉 is taken within the ground-state, |ψ〉GS =∑
J
∑
MJ
cJ,MJ |JMJ〉. Similarly we havem4fL = µB 〈Lz〉
and m4fS = 2µB 〈Sz〉. We note that in Eq. (6) and
for the individual moments we use the opposite sign
convention to define the magnetic moment compared
with the standard definition. If we restrict to the
J = 5/2 multiplet, the matrix elements are given by
〈JMJ |Lz + 2Sz|JMJ〉 = gJJ , with 〈Lz〉 = (2 − gJ)J
and 〈Sz〉 = (gJ − 1)J . If we consider instead the lowest
three J = 5/2, 7/2, 9/2 multiplets, the Hamiltonian has
dimension 24×24, and the matrix elements of Lz, Sz and
Lz + 2Sz can be calculated in terms of Wigner 3j and 6j
symbols, as given in Ref. [19]. When the exchange term
J-multiplets J 〈Sz〉 〈Lz〉 〈Lz + 2Sz〉
5
2
0 -1.786 4.286 0.714
5
2
, 7
2
0 -1.786 4.286 0.714
5
2
, 7
2
7.9 K -1.852 4.352 0.648
TABLE I. Expectation values of the angular momentum op-
erators for the Sm3+ ion based on number of J-multiplets in-
cluded, only considering the spin-orbit coupling and exchange
(i.e. omitting the crystal field).
is included, an initial guess of 〈Sz〉 is made, H is diago-
nalized, and the resulting ground-state expectation value
〈Sz〉 is then reinserted directly into Eq. (1) repeatedly
until convergence is reached, typically requiring N ∼ 10
or less iterations.
The effect of including higher multiplets can be seen in
Table 1, where only spin-orbit coupling and exchange are
considered. The free-ion moments (J = 0) yield orbital
to spin ratio of m4fL /m
4f
S = −1.2, while the inclusion of
the ferromagnetic exchange term with J = 7.9 K reduces
the ratio to m4fL /m
4f
S = −1.175, due to the off-diagonal
terms in Hex mixing in the excited multiplet (inclusion
of the J = 9/2 multiplet returns the same expectation
values to the given precision). The small reduction in
the net moment due to the weak exchange interaction in
SmN is clearly unable to account for the experimental
moment of 0.035 µB .
We note that if HSO is treated as a small perturbation
to Hex, then the net moment is reduced to zero when
higher multiplets are included because Lz and Sz take
on fixed values of ML and MS (e.g., Lz |ψ〉 = ML |ψ〉)
for which the ground state has ML = 5 and MS = −5/2,
yielding zero net moment. These values of m4fS and m
4f
L
are close to what is found in the LSDA+U calculations
of Ref. [25], with m4fL /m
4f
S = −4.85/4.91 = −0.98.
In addition, Ref. [26], using various implementations of
LSDA+U and a range of parameters, calculated SmN val-
ues in the range of m4fL /m
4f
S = −4.57/5.00 = −0.85 to
m4fL /m
4f
S = −3.46/4.09 = −0.91. All of these LSDA+U
calculations show a spin-dominant SmN moment, in con-
trast to the orbital dominant moment of both the free
ion and SmN.
RESULTS
Figure 1 shows the resulting ground-state expectation
value µB 〈Lz + 2Sz〉, plotted for crystal field parameters
A4
〈
r4
〉
, A6
〈
r6
〉 ∈ [−350 K,+350 K] with contours of
constant µB 〈Lz + 2Sz〉 plotted, including a dashed con-
tour corresponding to a calculated net moment equal
to the experimental moment of 0.035 µB . The ground
state moment was found by diagonalizing the Hamil-
tonian in Eq. (1) within the three lowest multiplets
(J = 5/2, 7/2, 9/2), with J = 7.9 K. To limit the range
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FIG. 1. Contours of µB 〈Lz + 2Sz〉 for the fourth and sixth
order crystal field parameters (〈Lz〉 is taken as positive). The
dashed contour corresponds to µB 〈Lz + 2Sz〉 = 0.035 µB ,
equal to the experimental net moment. The heavy grey line
demarcates the the boundary of the Γ7 doublet and Γ8 quar-
tet, the area to the right of this line has a Γ7 ground state. The
symbols represent the net 4f moment returned using crystal
field parameters calculated within the point-charge model for
three values of Z.
of crystal field parameters producing agreement with the
experimental data in Fig. 1 we must impose some restric-
tions. One restriction is provided by experimental results
revealing an effective paramagnetic moment in SmN close
to that calculated from a Γ7 ground-state doublet [5].
The Γ7 ground state corresponds to the region to the
right of the heavy line demarcating where the Γ8 quartet
and Γ7 doublet are degenerate, restricting the possible
crystal field parameters to within this area.
A further refinement of the crystal field parameters
can be made using the the electric-point charge approx-
imation, which allows us to parametrize the crystal field
strength in terms of a single effective charge Z. While
this is a phenomenological approach, it has been shown
to provide reasonable agreement with the variation in
crystal field strength across the light rare-earth pnictides
(P, As, Sb, Bi) [38] as well as some of the other rare-earth
nitrides [39], and can thus provide valuable insight where
more sophisticated techniques have failed. In the point
charge model, the coefficients A4 and A6 are given by
the following expressions in the case of an octahedrally
coordinated rare-earth ion [36, 40],
A4 =
7
16
Ze2
R5
, A6 =
3
64
Ze2
R7
, (7)
where −Z|e| is the effective charge of each N ligand, and
R is the separation between the Sm ion and N, given
by half of the experimental SmN lattice-constant R =
J = 5/2, 7/2, 9/2 included
J (K) Z A4 (K) A6 (K) 〈Sz〉 〈Lz〉 〈Lz + 2Sz〉
7.9 2.1 268.9 5.9 −0.976 1.988 0.036
JSL = 24.5 2.1 268.9 5.9 −1.48 3.11 0.16
J = 5/2 only
J (K) Z A4 (K) A6 (K) 〈Sz〉 〈Lz〉 〈Lz + 2Sz〉
7.9 2.1 268.9 5.9 −0.70 1.69 0.28
TABLE II. (Top) Expectation values of magnetic moments
in SmN with crystal field parameters calculated in the point
charge model. (Bottom) Expectation values only considering
the ground J = 5/2 multiplet.
a/2 = 2.52 A˚ [1]. The radial integrals
〈
rk
〉
have been
calculated in various approaches, notably non-relativistic
Hartree-Fock values [41] and relativistic Dirac-Fock cal-
culations [42]. The latter of these yield for Sm3+ the
values
〈
r4
〉
= 2.26 a60 and
〈
r6
〉
= 10.55 a60, where
a0 = 0.529 A˚ is the Bohr radius [43]. We are then left
to determine the effective charge Z of the N anions. For
example, a value of Z = 1.6 was found to explain the
trend in the fourth order crystal field parameter in the
light rare-earth pnictides (scaled to Dirac-Fock values)
[38], while larger values of Z are common in a few of the
other rare-earth nitrides, ranging from 2.3 to 3.6 [39].
This difference between the rare-earth nitrides and the
pnictides originates in the greater electronegativity of ni-
trogen (and hence more ionic behavior), resulting in the
semiconducting nature of the nitrides, while the other
pnictides are metallic.
In Figure 2 we present ground-state expectation values
calculated using the point charge model with various val-
ues of Z to parametrize the crystal field strength. The ex-
pectation values are plotted against J , centered around
the experimentally-derived value of J = 7.9 K, in or-
der to show the influence of exchange. The first panel of
Fig. 2 shows that the experimental moment of 0.035 µB is
reproduced by using parameters obtained from the point-
charge model with Z = 2.1 and J = 7.9 K (see also Table
II). The value of Z = 2.1 fits in with the trends observed
in the rare-earth nitrides and pnictides, larger than the
Z = 1.6 value found for the light rare-earth pnictides
and slightly less than the Z = 2.3 - 3.6 range found in a
number of rare-earth nitrides, as noted above. This re-
sult demonstrates that using reasonable parameters, the
model reproduces the sign and magnitude of the exper-
imental net moment of SmN. Furthermore, in Figure 2
(b) we see that the spin and orbital moments have magni-
tudes of ≈ 2 µB , strongly quenched compared to both the
free-ion moments and the values given in Refs. [25, 26]
Figure 2 (b) also shows that for Z = 2.1 and J = 7.9 K
the ratio m4fL /m
4f
S = −1.02 is suppressed from the free-
ion value of −1.2. This suppressed ratio only occurs when
there is J-mixing. For example, if we are restricted to
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FIG. 2. (a) The ground state 4f expectation value 〈Lz + 2Sz〉 calculated within the lowest three J-multiplets for various
values of Z, with 〈Lz〉 taken as positive. (b) Expectation values 〈Lz〉 and −2 〈Sz〉 for Z = 2.1. (c) The parameters RL =
〈Lz〉JSL / 〈Lz〉J andRS = 〈Sz〉JSL / 〈Sz〉J representing the enhancement in the superlattice.
the ground-state J-multiplet, the Wigner-Eckart theorem
assures that the ratio 〈Lz〉 / 〈2Sz〉 = (2−gJ)/[2(gJ−1)] =
−1.2 is fixed and independent of the parameters in the
Hamiltonian. From this point of view we can see that the
net moment is strongly influenced not only by the overall
reduction of the spin and orbital moments, but also by
their changing ratio due to J-mixing.
While the net 4f moment calculated above can be com-
pared to the experimental net moment (ignoring other
contributions), it is more difficult to obtain experimental
values of m4fS and m
4f
L . The ideal method is through
x-ray magnetic circular dichroism (XMCD) at the rare-
earth M-edge, which is in principle able to determine
m4fS and m
4f
L experimentally via the XMCD sum rules
for electric-dipole transitions [44, 45]. Experimental lim-
itations have so far prevented a quantitative sum rule
analysis in SmN, but we may still extract meaningful con-
clusions by exploring the Sm L3-edge XMCD measured
in a SmN film and a SmN/GdN superlattice, reported in
Ref. [15].
Figure 3 shows the Sm L3 edge XMCD data taken
from Ref. [15], which showing the spectra from a bulk
SmN sample and a 12×[1.5 nm SmN/9 nm GdN] super-
lattice. The Sm L3 edge is dominated by electric-dipole
(ED) (2p → 5d) transitions at high energy. These ED
transitions provide information on the sign and magni-
tude of the polarization of the unoccupied Sm 5d states
which mediate exchange between the localized 4f mo-
ments. At lower energy, the electric-quadrupole (EQ)
transitions (2p → 4f) are visible, providing sign and
magnitude information on the 4f shell alignment. To
a good approximation, the integral over the Sm L3 EQ
spectrum scales linearly with 〈Sz〉 and 〈Lz〉, which can
be seen from the XMCD sum rules derived for EQ tran-
sitions [46]. As discussed in Refs [15, 17], the sign change
between spectra indicates the magnetization of the thin
SmN layers are forced into alignment with the GdN by
strong interface-exchange in the superlattice. In addition
to the sign change, the ED signal is enhanced by a factor
of 3.1 in the superlattice, while the EQ feature is only
enhanced by a factor of 1.6.
First, we point out that an enhancement of the EQ sig-
nal in the superlattice SmN layers indicates that the 4f
spin and orbital moments cannot be maximal (= 5 µB) in
the bulk SmN, as this would preclude any enhancement.
If we assume the superlattice SmN has spin/orbital mo-
ments maximized at 5 µB , an upper bound on the
bulk SmN spin/orbital moments can be determined as
|m4f,maxL,S | ≈ 5 µB/1.6 = 3.1 µB . This upper bound is
already well below the LSDA+U results of Refs. [25, 26],
but is still larger than the present calculations which
show moments of magnitude ≈ 2 µB . Clearly, even
within the superlattice, the SmN spin and orbital mo-
ments are not fully polarized.
A more quantitative analysis of the observed ED and
EQ enhancement factors can also be made. The strong
intra-ion 4f -5d exchange mechanism of the rare-earths
means that inter-ion 4f -4f exchange proceeds via the 5d
states, resulting in an effective 4f inter-ion exchange con-
stant (J ) proportional to the Sm 5d polarization given
by the ED XMCD. From this identification it is clear that
the average superlattice SmN exchange constant JSL is
enhanced by a factor of 3.1 (the ED enhancement factor)
over the bulk SmN exchange J . We can then calculate
the expectation values for the superlattice SmN using
JSL = 3.1 × J as the exchange constant. The enhance-
ment of the orbital and spin moments in the superlattice
compared to bulk SmN is then determined by the ratios
RL = 〈Lz〉JSL / 〈Lz〉J and RS = 〈Sz〉JSL / 〈Sz〉J . The
ratios are plotted as a function of J in the third panel
of Figure 2. The results show that for J = 7.9 K and
JSL = 24.5 K (see also Table II), values ofRL = 1.56 and
RS = 1.52 are returned, closely reproducing the factor
of 1.6 enhancement in the EQ signal. As noted above,
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FIG. 3. Sm L3 edge XMCD data from Ref. [15], showing
spectra taken at 15 K and 6 T for SmN and a SmN/GdN su-
perlattice. The scaling of EQ and ED signals between samples
is also displayed.
〈Sz〉 and 〈Lz〉 scale nearly linearly with the EQ spec-
trum, demonstrating that the model describes the values
4f moments quite well.
DISCUSSION
The ability of the model to reproduce not only the
net experimental moment in bulk SmN (sign and mag-
nitude), but also the change in 〈Sz〉 and 〈Lz〉 due to
interface exchange in the superlattice shows it captures
the essential features of the SmN ground state. The re-
sults further show that contributions to the net moment
from conduction electrons and other sources provide only
small corrections to our results. The moderate quenching
of the spin and orbital moments to magnitudes of ∼ 2 µB
in bulk SmN, enhanced to ∼ 3 µB in SmN layers within
the SmN/GdN superlattice are significantly less than the
values given by LSDA+U calculations. However, this
quenching in SmN fits in with recent experiments [47]
on HoN, ErN and DyN (all heavy rare-earth and spin-
dominant systems) which also display significant reduc-
tion of the net moment compared to the Hund’s rules
values and the LSDA+U calculations in Ref [25]. There
the authors suggest the small ordered moments can be ex-
plained by full quenching of 〈Lz〉, but this seems unlikely
due to the large spin-orbit coupling energy of the 4f shell.
It is more likely that in these RENs partial quenching of
both 〈Sz〉 and 〈Lz〉 takes place, as we have shown for
SmN. The quenching of moments in rare-earth systems
with small exchange energies due to crystal fields has
been known for some time [48], suggesting that density-
functional theory calculations in the RENs should be re-
visited to obtain more accurate descriptions of the mag-
netic structure.
The values of the spin and orbital moments of ≈ 2 µB
in bulk SmN and moments of ≈ 3 µB in the superlat-
tice SmN layers are also relevant to the the recent ob-
servation of superconductivity coinciding with ferromag-
netic order in SmN [16]. Superconductivity at Tc ≈ 3 K
was observed in heavily doped SmN film, while in a
12 × (10 nm GdN/5 nm SmN) superlattice a supercon-
ducting transition occurred at Tc ≈ 5 K, with a much
larger critical field. The heavy doping is expected to
reduce the net moment (the conduction electron contri-
bution mσ is parallel to m
4f
S ), and could even lead to
a spin-dominant moment at high enough doping levels.
The more robust superconductivity (which was shown
to involve 4f states) in the superlattice is likely due to
enhancement of the 4f spin and orbital moments due in-
terface exchange with GdN. The enhanced 4f moments
may then be more robust against disorder, leading to a
higher Tc and a larger critical field. We note that the
observed 4f enhancement from XMCD data of Ref. [15]
given in Fig. 3 is from SmN 1.5 nm thick, while the su-
perconducting SmN layers in the SmN/GdN superlattice
of Ref. [16] were 5 nm thick, indicating that the effect
of interface exchange is smaller (averaged over the SmN
layers) in the superconducting samples, so that the aver-
age enhancement in 4f polarization is probably less than
60% enhancement observed in the XMCD data.
Also closely related to the current calculations is the
twisted magnetization phase observed in a SmN/GdN
bilayer [15], in which the SmN is exchange coupled to
GdN and one interface, and results in a rotating mag-
netization as the SmN moments experience exchange-
Zeeman competition. This twisted magnetization phase
may be viewed as a type of unconventional exchange-
spring; it is the magnetically hard SmN layer which de-
velops the spring (or twist), while the soft GdN layer
is fixed. The SmN/GdN system is also semiconduct-
ing, in contrast to conventional exchange spring-systems
which are metallic. These features provide an opportu-
nity for tunneling magnetoresistance experiments which
may show unusual behavior. The current calculations
revealing quenched moments will thus provide an impor-
tant aide in the quantitative interpretation of tunneling
magnetoresistance experiments involving SmN/GdN het-
erostructures, and should allow for more accurate micro-
magnetic simulations of the twisted magnetization phase.
CONCLUSION
We have shown that the small orbital-dominant SmN
moment can be explained by consideration of an effec-
tive 4f Hamiltonian incorporating excited J-multiplets,
exchange in a self-consistent mean-field approach, spin-
orbit coupling, and crystal field terms with parameters
estimated from the point-charge model. The magnitudes
of the spin and orbital moments were shown to be par-
7tially quenched to ≈ 2 µB in bulk SmN. By linking the
Sm 5d XMCD polarization to the effective exchange con-
stant, we showed that our model reproduces the enhance-
ment in the Sm 4f electric-quadrupole XMCD signal
in the SmN/GdN superlattice compared to bulk SmN,
due to the enhanced spin and orbital moments of mag-
nitude ≈ 3 µB . The magnitudes of these moments are
far less than values obtained from free-ion or LSDA+U
calculations, and suggests that theoretical band struc-
ture investigations of SmN and other rare-earth nitrides
should be revisited. The partially quenched spin and
orbital moments in SmN and their enhancement in the
SmN/GdN superlattice corroborate the previous report
that the 4f states are crucial for superconductivity in
SmN. Finally, the values of the magnetic moments pre-
sented here will aide in quantitative interpretation of fu-
ture tunelling magnetoresistance experiments involving
SmN and SmN/GdN heterostructures.
APPENDIX
The magnetic susceptibility χ may be written in terms
of the susceptibility in the absence of exchange, χ0, and
the molecular field constant λ (in the mean-field approx-
imation) as
1
χ
=
1
χ0
− λ = 1
χC + χV V
− λ, (8)
where λ = (V/N)2J (gJ − 1)2/(gJµB)2. The Curie sus-
ceptibility is
χC =
C
T
=
N
V
g2Jµ
2
BJ(J + 1)
3kBT
(9)
and the van Vleck susceptibility for Sm3+ is
χV V =
N
V
20µ2B
7∆E
. (10)
The presence of χV V modifies the usual Curie-Weiss
temperature Θ = 2J (gJ − 1)2J(J + 1)/3kB , and thus
our estimate of J . To first order, the correction to the
critical temperature Θ is given by the solution to T =
(C + χV V T )λ. Solving for J yields
J = 3
2
kBΘ
(gJ − 1)2J(J + 1)
[
1
1 + 12kBΘ/∆E
]
. (11)
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